Energy-efficient machine tools are becoming a more and more important factor for competitive manufacturing processes. However, there is still a lack of appropriate visualization techniques that effectively support engineers and scientists to consider energy as an additional optimization and decision parameter in machine tool design and manufacturing. Virtual Reality has become an effective technology able to visualize very complex systems, providing the users with a high level of immersion and interactivity. For this reasons, a great deal of research activity has recently been focused on the development of advanced Virtual Reality-based visualization techniques capable of representing the energy flow through the machine tools in a clear and intuitive manner. This paper presents three different Virtual Reality-based energy visualization methods and a comparison of them based on a short user survey. In addition to 2D Billboard and 3D Sankey diagram, an innovative energy visualization technique based on 3D particle systems will be explained in detail. All three visualization methods have been implemented in one Virtual Reality model of a specific machine tool. The energy values have been determined from real measurements carried out directly on the real machine tool. This allowed a comparison of the three methods by means of their usability and understanding. Therefore a short user survey has been conducted in order to determine the advantages and disadvantages as well as improvement potential of the three visualization methods from the user's point of view.
Introduction
Nowadays energy efficiency is considered as a key factor in the manufacturing field. Economic and environmental aspects have raised the awareness of the energy consumption and the environmental impact of manufacturing processes [1] . The increasing energy costs and the environmental impact caused by high energy consumption levels, have led to the consideration of energy efficiency improvement as a priority in the manufacturing field [2, 3] . In fact, it has been shown that more than one-third of the overall consumed energy is attributed to industrial use [4] . Energy efficiency has also been identified as a priority within the environmental improvement programs in the European Union [5] . For this reasons energy has to be considered as an additional optimization and decision parameter in design and manufacturing processes. This paper focusses particularly on the energy efficiency of machine tools. In order to improve their energy efficiency it is required to gain a better understanding of the energy consumption mechanisms during the working process. Furthermore, it is necessary to identify the parts of the machine tool that are mainly responsible for the energy consumption, as well as to determine how changes in the design of the system affect the energy consumption. Currently there is still a lack of appropriate visualization techniques capable of effectively supporting engineers and scientists to consider energy as an additional optimization and decision parameter in machine tool design and manufacturing. Consequently, the identification of the causes that affect the energy consumption in the production process, particularly in a machine tool, is still a very difficult task. For this reason, during the last years, a great deal of research has been conducted with the aim of providing intuitive methods for energy visualization. Especially the use of Virtual Reality (VR) techniques in such methods highly improves the effectiveness of the energy optimization process. Nowadays VR has become an effective technology capable of visualizing digital models of very complex systems, also called digital mock-ups, providing the user with a high level of immersion and interactivity. Such digital models allow conducting various analyses and studies with a high level of reliability, even before a physical prototype of the system is available. Therefore VR is suitable for an increasing range of application. This paper presents three different VR-based energy visualization methods that have been implemented using a virtual model of a milling and turning center. In addition to the well-known 2D Billboard and 3D Sankey diagram an innovative energy visualization technique, based on 3D particle systems, will be explained in detail.
Finally a brief survey has been conducted among engineering students, in order to evaluate the usability and understandability of each method, as well as to determine the advantages, disadvantages and possible improvements for each method from the user's point of view.
Energy Visualization Methods
The three aforementioned energy visualization techniques have been implemented on a virtual model of a NilesSimmons N20 milling and turning center. The first step in order to implement these energy visualization techniques in VR has been the development of a virtual model of the machine. Starting from a CAD model, a polygon-based representation of the machine tool has been created, using the Virtual Reality Modeling Language (VRML) file format ( Fig. 1 (a) ) and a consistent hierarchy for the axes of the machine has been redefined ( Fig. 1 (b) ). Then, the amount of energy that has been absorbed by each analyzed component of the system and that has come either from simulations or from measurements, conducted on the real system, has been determined. For the case study, the level of energy consumption has been determined experimentally from direct measurements, carried out on the real machine tool in reference to a basic milling operation process [6] . Obviously, all the shown quantities are related to the same period of time. Transparencies have also been applied to the texture of the 3D machine model in order to allow an easy visualization of the energy consumers. Furthermore a discrete color mapping, based on traffic light systems (green-yellow-red), has been applied to the energy consumers, in order to graphically show the amount of energy consumption of the different parts of the machine tool. In addition, an energy label, based on the aforementioned traffic light system, has been included in each VR model (Fig. 2) . The color red has been assigned to the maximum consumption values, while the color green has been associated with the minimum consumption values. In a first implementation, the energy visualization methods depict only a static condition of the energy consumption, i.e. the energy consumption has been determined only in reference to a single and fixed configuration of the machine tool's axes.
Billboard
This methodology basically relies on the colored part technique [7] , which means assigning specific colors to each of the energy consumers. In this case the color assignment is based on the previously defined discrete color mapping. Furthermore, in order to enrich the amount of information provided to the user, a table showing the values of the power consumption of each component, together with their percentage referred to the total amount of power provided to the machine tool has been included into the model. Fig. 3 shows the implementation of the aforementioned technique. The advantage of this methodology is the reusability of the component geometry. In fact it is not necessary to generate additional geometry in the 3D model of the system in order to provide information about the energy consumption. However, this visualization technique does not provide any information concerning the relationship between the different components of the machine which are consuming energy. When an already existing system has to be evaluated, problems concerning the lack of information about the energy consumption in the CAD model may arise, as generally CAD geometries are generated without concerning energy consumption [7] . 
3D Sankey Diagram
A well-established methodology to show the energy flow through a system is based on 2D Sankey diagrams. In 1896 the Irish engineer Matthew Henry Phineas Riall Sankey used specific diagrams to visualize energy flows for steam engines [8] . The main feature of this visualization technique is the illustration of the quantities flowing through the system by means of branches, whose thicknesses are directly related to the amount of the quantity flowing through them [9] . This technique can also be used to visualize different quantities, e.g. material or cost transfers between processes. Furthermore, 2D Sankey diagrams depict only a simplification of the system they describe. In other words they show only the connection between the parts of the system. In order to provide a more intuitive visualization technique, capable of clearly showing energy flow through the machine tool, 3D Sankey diagrams have been developed, taking advantage of VR technologies [7] . Fig. 4 shows the implementation of the energy visualization method based on 3D Sankey diagram in VR. In this method the energy flow is represented by cylinders whose diameters and colors are related to the level of power consumption. Obviously the diameter of the cylinder between two different components is constant; as the power flow between two parts, for a certain instant, is constant (energy losses between components are not considered). This technique has several disadvantages. First, as the number of energy consumers in the machine tool increases, so does the number of the branches in the diagram, making the 3D Sankey diagram less clear. Furthermore, especially when the range of power consumption is wide, some branches may result so thick that they hide other branches or machine components, as well as some branches may result so thin to be almost invisible (see Fig. 5 ). 
Particle System
The particle system technique comes from the computer graphics and it is aimed to simulate the behavior of a class of natural objects, also called fuzzy objects, such as fire, smoke and water. It was applied for the first time by William T. Reeves to the wall of fire elements from the Genesis Demo sequence of the film "Star Trek II: The Wrath of Khan" [10] . A particle is basically an object (e.g. a sphere) in a threedimensional space, which has established attributes and boundaries of diffusion. Stochastic processes are used to generate and control the huge amount of particles within a particle system [11] . A particle can be characterized by the following attributes: Adjusting these attributes it is possible to control the behavior of the particles, and consequently the behavior of the simulation. The basic idea of the developed energy visualization technique is to follow the 3D Sankey approach, representing the 3D diagram based on particle systems together with the 3D model of the machine tool in VR. Following this idea, the energy flows can be rendered as complex objects consisting of many small particles similarly to the electrical energy flow, which is described like a movement of electrons in a conductor. The advantage of using particle systems is the possibility to show dynamic changes of energy consumption over the time [12] . To achieve this task it is possible to use color coding (similarly to what can be done with 3D Sankey diagram) as well as changing the densities of the particles over time. Specifically, once a certain amount of energy has been associated to a single particle, a decrease in the power consumption through a branch causes a decrease in the density of the particles flowing through it. On the contrary, as the power consumption increases, so does the density of particles. Fig. 6 shows a combination of changing color and density of the particles to represent different energy consumption levels in reference to a supposed flow direction through a branch. The main advantage of the visualization technique based on particle systems, compared to "static" techniques like 2D Billboards or 3D Sankey diagrams, is that the moving particles can catch the user's attention and are capable of clearly showing the direction of the energy flow. Fig. 7 shows the implementation of the visualization method based on particle systems, in which the energy flow is represented by means of particles flowing through the machine tool.
The "dynamic" behavior of the particle system represents the main advantage of this energy visualization technique. Also in this representation, in order to enrich the amount of information represented, a table based on the traffic light system, showing the range of power absorbed by the machine tool, has been added to the 3D model. The next section will present the results of a survey, which show that the visualization technique based on particle systems is an effective tool to study and validate energy efficiency of machine tools in VR.
Survey on Energy Visualization Techniques
All the presented energy visualization techniques target the increase of the understandability of the distribution of the energy consumption in a complex system, such as a machine tool. The goal is to develop a tool capable of effectively supporting engineers and scientists in the energy optimization process. A brief survey has been conducted in order to determine the added value, advantages and disadvantages as well as potential improvements of the implemented energy visualization techniques from the user's point of view. The survey sample was composed by 57 engineering students, aged between 21 and 31. The participants had a good technical background but, although they had an interest or a general experience with VR, they had medium-low technical experience with VR technologies (non-expert users).
The three different 3D energy visualization concepts (compare Fig. 3, Fig. 4, Fig. 7) were shown to the attendees in Fig. 7 . Energy visualization method based on a particle system. three different parts of the session, using a Powerwall with passive polarized glasses. At the end of each part they were asked to answer the related questions, in order to rank each of the proposed energy visualization method on the basis of a "satisfaction index". Fig. 8 shows the mean values of the marks resulting from the proposed questions.
It is clearly shown that the visualization method based on particle systems reached the highest score for each question. The results of the survey in reference to the ranking of the different visualization methods are not influenced from the technical background of the sample.
Finally the attendees were asked to indicate which method was the best in their opinion. The results of this question are shown in Fig. 9 . From the conducted survey emerged that, although all the three methods proposed are considered helpful in order to understand the energy flow through the machine tools, the most comprehensible is the one based on the particle system, because of the following reasons:
• The energy flow through the machine tool is represented in an intuitive and clear way • The power source, as well as the components absorbing the power, is clearly identified. Furthermore also the direction of the energy flow is univocally represented • The moving particles are able to catch the attention of the observers Fig. 9 . Comparison of the three visualization methods answering the question: "Which kind of visualization method is the most understandable for you?"
Conclusions and Future Development
The energy visualization method based on particle systems resulted to be the best among the three methods evaluated during the conducted survey session. The main reason is due to the fact that the energy flow is well identifiable, shown in an intuitive manner and the power source, as well as the consumers, can be well identified. Moreover, the dynamic behavior due to the "moving particles" is able to catch the user's attention and to keep it focused on the energy flow. Currently, the presented visualization methods are based on a fixed framework; i.e. that they are related to a single configuration of the axes of the machine tool.
A further development will be to create a dynamic framework in such a way that the branches of "the energy visualization model" can move together with the axes of the machine tool. Also the amount of energy showed (e.g. color and density of the particles) should be able to change in real time in reference to the real amount of energy required from the machine tool. The final goal will be the development of an effective tool in VR, capable of visualizing interactively and in real time the energy consumption of a machine tool in different operation modes. Also the involvement of users from industry in the survey could be possible.
